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A multiple-quantum magic angle spinning (MQMAS)

NMR experiment of quadrupolar nuclei is demon-

strated, which uses two di�erent multiple quantum co-

herences in t1 to refocus the quadrupolar broadening.

This experiment has the potential of achieving improved

resolution over current techniques.
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INTRODUCTION

The nuclear quadrupole interaction of spins greater than
1/2 with a nonshperically symmetric electrical charge dis-
tribution is often much stronger than other spin interac-
tions, such as dipole-dipole and chemical shift, making it
necessary to take into account the second order term in a
perturbation treatment. The spatial part of this term can
be expanded into a sum of spherical harmonics of ranks
zero, two, and four, of which only the second rank com-
ponent can be eliminated by rapid magic angle sample
spinning (MAS).
The 2nd and the 4th rank terms can be averaged and

correlated by spinning the sample at more than one angle
[1, 2, 3, 4, 5] or by MAS in combination with the cre-
ation and conversion of multiple quantum coherence [6, 7]
(MQMAS). Here, the fact that the ratio of the 4th rank
quadrupolar frequency to the chemical shift is di�erent
for multiple and single quantum coherences allows one to
selectively refocus the e�ects of one interaction. This refo-
cusing is accomplished by concatenating evolution periods
with multiple and single quantum coherences in t1, while
observing the evolution of single quantum coherence in t2

1 Presented in part at the Experimental NMR conference in Asilo-
mar, CA, April 9{14, 2000 and at the Rocky Mountains Conference
on Analytical Chemistry, Broom�eld, CO, July 31{August 4, 2000.

2 To whom correspondence should be addressed. Fax: 510-486-5744.
E-mail: pines@cchem.berkeley.edu.

as depicted in Fig. 1a. The resulting two-dimensional
spectra have sharp peaks in !1, separated by a scaled
isotropic chemical shift and isotropic quadrupolar shift,
correlated with anisotropic resonances in !2. In experi-
ments where the single quantum coherence does not ex-
plicitly evolve during t1 a shearing transformation brings
about this representation. The transformation is tanta-
mount to a shift of the echo time origin to t2 = 0, making
both types of experiments formally equivalent [8, 9]. It
should be pointed out, however, that split t1 experiments
may in some cases have signi�cant advantages [8].
An alternative approach which we describe in the

present communication is to use two di�erent multiple
quantum coherences in t1 in order to refocus the quadrupo-
lar broadening as shown in Fig. 1b. Only a minor modi�-
cation of the basic experiment is required. The frequency
spread in !1 of an experiment for a spin 5/2, which uses
�ve quantum and triple quantum coherence in t1 (subse-
quently denoted 5Q3Q) exceeds that of the 5Q1Q experi-
ment by a factor of 1.7 and that of the 3Q1Q experiment
by a factor of 7. For a spin 7/2, the 7Q5Q experiment
shows a frequency spread 2.4 greater than for the 7Q1Q
experiment, and 24 times greater than for the 3Q1Q ex-
periment.

EXPERIMENTAL

The 27Al NMR spectra were obtained at a Larmor
frequency of 130.304 MHz using a Chemagnetics/Varian
CMX In�nity 500 (11.7 T) spectrometer equipped with a
4 mm Chemagnetics transmission line MAS probe spinning
at 15 kHz. The rf amplitude used for the hard rf pulses
was 200 kHz. A continuous 20 kHz decoupling �eld was
applied to the protons. The pulse sequences and desired
coherence pathways for the 5Q1Q and 5Q3Q experiments
are shown in Fig. 1. The phase cycles for the two experi-
ments are listed in Table 1 and were checked and optimized
with the CCCP program [10]. For the 5Q1Q experiment
the hard rf pulse durations were 7.0 �s and 1.2 �s, and for
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the 5Q3Q experiment they were 7.0, 1.98, and 1.24 �s. A
soft � pulse (amplitude = 13.3 kHz) was used to selectively
invert the +1 coherence to a �1 coherence for detection
of the full echo [8, 9]. The dwell times were 12.33 �s and
33.33 �s (half a rotor period) in t1 and t2, respectively, and
� = 2 ms. 96 and 256 data points were collected in t1 and
t2, respectively. The recycle delay was 0.5 s. Frequencies
were referenced to the shift of an AlCl3 solution.
The sample of AlPO-41 was dried prior to data acqui-

sition. The spectra were taken after rotating the sample
in a pencil rotor overnight, which induced additional de-
hydration of the sample.

RESULTS AND DISCUSSION

Fig. ?? shows the 5Q1Q and 5Q3Q spectra obtained
from the AlPO-41 sample. The peak labeled A is clearly
resolved into two peaks in the 5Q3Q spectrum. The ori-
gin of the broad peak B in the 5Q1Q spectrum, similar to
the one observed by Wimperis and coworkers for an alu-
minum methylphosphonate sample [11], is currently un-
known. The broad features may result from residual het-
eronuclear couplings, which could be unobservable in the
5Q3Q experiment due to the greater broadening and the
lower eÆciency. Assuming three sites present (A1, A2,
A3) the parameters were extracted using the center-of-
gravity peak positions (indicated by lines). The chemical
shifts and quadrupolar parameters were Æcs = 32.9, 34.4,
34.6 ppm, and Q

p
1 + �2=3 = 2.79, 2.31, 3.19 MHz. Cal-

darelli and coworkers [12] have likewise considered three
sites for a calcined AlPO-41 sample in a 5Q1Q experiment
and good qualitative agreement is found (our signals A1,
A2, A3 correspond to the ones labeled 1, 2, 3 in their
work). It should be noted that at the �eld strength used
in our work resolving the three sites becomes very dif-
�cult with a 5Q1Q experiment as the frequency spacing
of adjacent peaks in F1 is only on the order of 200 Hz.
The spectra presented in Fig. ?? were truncated in t1
(tmax

1
� 1.2 ms), resulting in convolution broadening [13]

in the isotropic dimension on the order of 400 Hz. Under
these conditions, resolution of the three resonances does
not emerge from our 5Q1Q experiment.
The authenticity of the resonance peaks in the 5Q3Q

experiment was tested using an extensive phase cycle, ver-
ifying that the resonance positions in F1 shift by the cor-
rect amount with a resonance o�set and by repeating the
experiment at a di�erent spinning speed. The signal-to-
noise ratio normalized by the number of scans in the two
experiments was approximately a factor of 6 worse in the
5Q3Q experiment. The total acquisition times were were
4.3 and 8.6 hours for the 5Q1Q and 5Q3Q experiments,
respectively. The sensitivity of all experiments can be im-
proved roughly by a factor of two using two fast amplitude

modulated pulses [14, 15] for the conversion from 5Q to 3Q
coherence, and from 3Q to 1Q coherence.
Recently, Wimperis and coworkers [13] have shown that

the resolution may be increased by using the highest-
possible multiple quantum coherence in MQ1Q experi-
ments, even when the data are not truncated in t1. Other
authors have observed similar trends [16]. We anticipate
that the resolution can be further increased in an MQNQ
experiment when the two highest multiple quantum coher-
ences are combined. The same technique can, in principle,
be used for any spin larger than one. A detailed analysis
of di�erent linebroadening mechanisms and their scalings
is under investigation and will be described in a later pub-
lication.

ACKNOWLEDGMENTS

This work was supported by the Director, OÆce of En-
ergy Research, OÆce of Basic Energy Science, Materials
Sciences Division of the U.S. Department of Energy under
contract DE-AC03-76SF00098. A. J. thanks the Austrian
Science Fund for an Erwin Schr�odinger Fellowship. The
authors thank P. K. Madhu, T. Vosegaard, and S. Wim-
peris for extensive discussions and for providing preprints
of their work.

REFERENCES

1. A. Samoson, E. Lippmaa, and A. Pines. High-resolution solid-
state NMR averaging of 2nd-order e�ects by means of a double-
rotor. Mol. Phys., 65:1013{1018, 1988.

2. A. Llor and J. Virlet. Towards high-resolution NMR of more
nuclei in solids - sample spinning with time-dependent spinner
axis angle. Chem. Phys. Lett., 152:248{253, 1988.

3. K. T. Mueller, B. Q. Sun, G. C. Chingas, J. W. Zwanziger,
T. Terao, and A. Pines. Dynamic-angle spinning of quadrupolar
nuclei. J. Magn. Reson., 86:470{487, 1990.

4. Ales Medek, Joseph R. Sachleben, Peter Beverwyk, and Lu-
cio Frydman. Multi-rank nuclear magnetic resonance studies
of half-integer quadrupolar nuclei in solids by three-dimensional
dynamic-angle correlation spectroscopy. J. Chem. Phys.,
104:5374{5383, 1996.

5. L. Frydman, G. C. Chingas, Young K. Lee, and Philip J.
Grandinetti. Variable-angle correlation spectroscopy in solid-
state nuclear magnetic resonance. J. Chem. Phys., 97:4800{4808,
1992.

6. L. Frydman and J. S. Harwood. Isotropic spectra of half-
integer quadrupolar spins from bidimensional magic-angle spin-
ning NMR. J. Am. Chem. Soc., 117:5367{5368, 1995.

7. A. Medek, J. S. Harwood, and L. Frydman. Multiple-quantum
magic-angle spinning NMR: A new method for the study of
quadrupolar spins in a solid. J. Am. Chem. Soc., 117:12779{
12787, 1995.

8. S.P. Brown and S. Wimperis. Two-dimensional multiple-
quantum MAS NMR of quadrupolar nuclei: a comparison of
methods. J. Magn. Reson., 128:42{61, 1997.

9. D. Massiot, B. Touzo, D. Trumeau, J. P. Coutures, J. Virlet,
P. Florian, and P. J. Grandinetti. Two-dimensional magic-angle
spinning isotropic reconstruction sequences for quadrupolar nu-
clei. Solid State Nucl. Magn. Reson., 6:73{83, 1996.



HIGH-RESOLUTION NMR OF QUADRUPOLAR NUCLEI 3

10. Alexej Jerschow and Norbert M�uller. EÆcient simulation of co-
herence transfer pathway selection by phase cycling and pulsed
�eld gradients in NMR. J. Magn. Reson., 134:17{29, 1998.

11. S. P. Brown, S. E. Ashbrook, and S. Wimperis. 27Al multiple-
quantum magic angle spinning NMR study of the thermal trans-
formation between the microporous aluminum methylphospho-
nates almepo-� and almepo-�. J. Phys. Chem. B, 103:812{817,
1999.

12. Stefano Caldarelli, Anton Meden, and Alain Tuel. Solid-state nu-
clear magnetic resonance study of the microporous aluminophos-
phate AlPO4-41. J. Phys. Chem. B, 103:5477{5487, 1999.

13. Kevin J. Pike, Reena P. Malde, Sharon E. Ashbrook, Jamie Mc-
Manus, and Stephen Wimperis. Multiple-quantum MAS NMR
of quadrupolar nuclei. do �ve-, seven- and nine-quantum exper-
iments yield higher resolution than the three-quantum experi-
ment? Solid State Nucl. Magn. Reson., 16:203{215, 2000.

14. P. K. Madhu, A. Goldbourt, L. Frydman, and S. Vega. Sensitivity
enhancement of the MQMAS NMR experiment by fast amplitude
modulation of the pulses. Chem. Phys. Lett., 307:41{47, 1999.

15. Thomas Vosegaard, Dominique Massiot, and Philip J.
Grandinetti. Sensitivity enhancements in MQ-MAS NMR
of spin-5/2 nuclei using modulated rf mixing pulses. Chem.

Phys. Lett., 326:454{460, 2000.

16. J.-P. Amoureux and C. Fernandez. Triple, quintuple and higher
order multiple quantum MAS NMR of quadrupolar nuclei. Solid
State Nucl. Magn. Reson., 10:211{223, 1998.



4 JERSCHOW, LOGAN, AND PINES

TABLE 1

Phase cycles for the 5Q1Q and 5Q3Q experiments. The labels �1;2;3;4;r denote the phases of the pulses in the corresponding

pulse sequence or the receiver phase. Subscripts indicate the number of times the phase cycle in the brackets, parentheses, or

braces has to be repeated. There are 160 steps in the 5Q1Q, and 640 steps in the 5Q3Q phase cycle.

experiment pulse(s)/receiver phase list

5Q1Q �1 (0; 18; 36; 54; 72; 90; 108; 126; 144; 162; 180; 198; 216; 234; 252; 270; 288; 306; 324; 342)8
�2 [(0)20; (90)20; (180)20; (270)20 ]2
�3 (0)80 ; (180)80
�r (0; 270; 180; 90)40

5Q3Q �1 (0; 18; 36; 54; 72; 90; 108; 126; 144; 162; 180; 198; 216; 234; 252; 270; 288; 306; 324; 342)32
�2 [(0)20; (90)20; (180)20; (270)20 ]8
�3 (0)80; (45)80; (90)80; (135)80 ; (180)80; (225)80; (270)80 ; (315)80
�4 (0)640
�r f[(0; 270; 180; 90)5; (180; 90; 0; 270)5 ]2; [(90; 0; 270; 180)5; (270; 180; 90; 0)5]2;

[(180; 90; 0; 270)5; (0; 270; 180; 90)5 ]2; [(270; 180; 90; 0)5; (90; 0; 270; 180)5]2g2
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FIG. 1. (a) Pulse sequence for the 5Q1Q experiment. The �rst pulse excites the 5Q coherence. The second pulse converts the 5Q
coherence to single quantum coherence. The third pulse is a soft inversion pulse selectively inverting the central transition to acquire a full
echo. The coeÆcients a and b are calculated to null the overall e�ect of the fourth rank component of the quadrupolar frequencies [6]. Here
they are a = 12=37, b = 25=37. (b) Pulse sequence for the 5Q3Q experiment. An additional conversion pulse is needed in this experiment
to transform 5Q to 3Q coherence. Here the coeÆcients are a = 19=44, b = 25=44.
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FIG. 2. (a) 5Q1Q spectrum of AlPO-41. (b) 5Q3Q spectrum of AlPO-41. The three sites A1, A2, and A3 correspond to the ones labeled
1,2,3 in Ref. [12]


